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ABSTRACT 

Chemic^d  reactions  that  occur  at  a  ineteQ/III-*V  ocmpound-semioonductor 
interface  should  be  minimized  if  the  change  in  Gibbs  free  energy  of  the  bulk 
matericds  with  respect  to  any  possible  reaction  pcoducts  is  positive.  How¬ 
ever,  the  leurge  positive  diange  in  ^itropy  caused  by  vaporization  of  the 
highly  volatile  group  V  elements  is  a  very  inportant  contribution  to  the 
Gibbs  free  energy  of  these  systems,  especially  at  higher  tarperatuzes.  Thus, 
a  particular  metal/III-V  oonpound-semioonductor  interface  may  be  therncx^- 
namically  stable  at  one  temperature,  but  unstable  with  respect  to  sublijtBtion 
of  elemental  group  V  species  at  a  hi^ier  temperature  if  the  enthcdpy  change 
for  the  reaction  is  positive.  EKamiiation  of  bulk  phase  diagrams  makes  it 
possible  to  rationalize  the  reaction  products  observed  and  to  predict  v^idi 
will  be  the  most  stable  interfeu:e  for  ai^  particular  metal/III-V  system. 


imRODUcnoN 

During  the  past  decade,  there  have  been  an  enoorDus  nunrber  of  studies 
of  the  chemistry  at  roetal/III-V  ocmpcjund-semioonductor  interfaces.  Several 
woricers  have  attenpted  to  systematize  this  work  by  correlating  chemic^il  prop¬ 
erties  with  the  electrical  properties  of  the  metal/semi(x>nciuctor  cx^ntacrt; 
for  exanple,  the  Schottky  barrier  hei^t.  The  traid  has  been  to  l(X>k  at 
increasingly  thinner  metal  'films',  since  the  Schottky  barrier  height  ap¬ 
pears  to  be  established  for  submonoleyer  coverages  of  net£Ll.  Because  highly 
scaphisticated  instninentation  is  required  to  study  submonolayer  amounts  of 
materiad,  the  investigation  of  metal  contacts  has  becaome  a  very  exciting 
high-technolcagy  oideavor.  In  attempting  to  understaund  the  miczostructure  of 
such  systems,  however,  the  study  of  macroscopic  chemicad  prcperties  has  been 
almost  completely  ignored.  This  situation  is  probably  caused  by  the  fact 
that  most  reseaupcdiers  and  funding  agencies  have  little  interest  in  the  Icw- 
tecdinology  techniques  used  for  determining  phaise  equilibria,  since  not  nucdi 
scientific  glamour  or  glory  is  asscaciated  with  them. 

This  paper  taUces  an  adtemative  appiroach  to  understauiding  metad/III-V 
cacmpound-s&nicaonducrtor  interfaices.  The  philcasophy  is  to  make  caertain  that 
we  understauid  the  bulk  chemistry  of  these  caraitacts  first.  This  knowledge  is 
direcatly  relevauit  to  such  topics  as  the  morphology  of  the  interfaciad  region 
amd  the  ccnpounds  ttet  may  be  found  there;  these  in  turn  determine  the  abil¬ 
ity  to  pattern  eactremely  small  features  into  the  metallization  and  the  reli¬ 
ability  of  a  device  structure.  If  a  chemical  reaction  occurs  at  the  contact 
interface,  driven  either  by  an  anneal  during  the  forming  ponocess  or  by  Ounic 
heating  during  device  operation,  then  the  geometry  and  electricad  ptxperties 
may  diange  drasticadly  in  an  uncontrollahle  faishion.  Furthermore,  establish¬ 
ing  the  bulk  chemicad  properties  of  these  systems  will  determine  ^ich  mater¬ 
ials  nay  react  with  one  another  and  what  product  species  can  be  formed.  With 
this  infomation  as  a  foundation,  one  may  then  examine  thin  film  b^iavior  to 
determine  the  relative  inportanoe  of  other  macrosoopic  effects,  such  as  bulk 
reaction  kinetics  and  diffusion,  as  well  as  microscopic  phenomena,  such  ais 
defects  and  interfacial  stresses  and  stredns.  Without  a  basic  thermodynamic 


understariding  of  the  bulk  systems  in  contact  with  one  another,  any  model  of 
the  intorfacial  chemistry  is  just  speculation. 

In  fact,  the  bulk  theonodynamics  of  metal/III-V  systems  has  not  been 
examined  very  thoroughly  in  the  past.  Very  little  information  exists  for 
such  systems  regarding  vdiich  phases  are  stable  in  oontact  with  one  euiother 
and  vhich  iid.ll  undergo  chemical  reactions  to  form  solid  products.  Indeed, 
perhaps  the  most  caiman  misconception  is  to  ignore  the  inportance  of  entropy 
in  determining  the  reactivity  of  a  particular  metal/III-V  system,  even 
though  many  e^qseriments  have  shown  that  gaseous  elemented,  grovp  V  species 
are  evolved  at  relatively  low  tenperatures  when  these  systems  are  heated  [1], 

Ihe  next  section  presents  a  discussion  of  the  bulk  thermodynamics 
relevant  to  metal/III-V  systems,  2Uid  illustrates  the  principles  involved  in 
the  specific  exanple  of  the  Au-Ga-As  temeuy  phase  diagram.  This  diagram 
may  be  used  to  rationalize  the  sequence  of  reaction  products  formed  vhen  an 
Au  film  on  a  GaAs  substrate  is  heated  and  to  predict  what  is  the  most  stable 
metal/semiconductor  interface  in  the  Au-Ga-As  system. 


DISCUSSION 

Ihe  solidus  portion  of  the  Au-Ga-As  ternary  pheise  diagram  for  tenpera- 
tures  from  essentiedly  OK  to  650 K  is  shown  in  Fig.  1  [2].  At  tenperatures 


FIG»  2  -  The  eolidue  portion  of  the  Au-Ga-Aa  temcay  phase  diagram. 


above  650  K ,  eutectics  foxm  between  various  ccnpourds  and  the  diagram  will 
look  significantly  different.  As  long  as  the  only  liquid  phase  is  nearly 
pure  Ga ,  hcKnever,  this  diagram  can  be  used  to  determine  the  relative 
amounts  of  different  phases  present  in  the  system,  given  the  relative 
amounts  of  the  three  element^d  oonponents. 

Note  that  the  boundcuries  of  the  phase  diagram  are  defined  by  the  three 
elemental  oomponeits  of  the  systan  at  the  vertioes  of  the  nejor  equilateral 
triangle,  vhich  is  subdivided  by  severed  tie-lines  into  snialler  triangles 
with  vertioes  determined  by  the  various  phases  that  nay  exist  in  the  system. 
Ihtee  of  those  phases  eure  elemental  Au,  Ga,  and  As. 

Ihis  general  topology  of  a  ternary  phase  diagram  at  a  particular  tem- 
p>erature  and  pressure  is  required  by  the  Gibbs  phase  nde  [3], 

P  =  C  -  f  +  2  .  (1) 

i.e.,  the  nunber  of  phases  (P)  in  a  system  is  equed  to  the  nurber  of  conpo- 
nents  (C)  minus  the  nunber  of  specified  degrees  of  freedom  (f )  plus  2.  If 
we  examine  the  systan  at  a  specific  tenperature  and  pressure,  say  298  K  and 
1  atm,  then  f  «2.  Iherefore,  P^C  and  at  moat  three  phetses  nay  oo-exist 
at  equilibriun.  Ihe  identity  axid  relative  amounts  of  each  phase  are  detei> 
mined  first  by  using  the  lever  rule  [3]  to  locate  the  elanental  oonposition 
of  the  ^stan  within  the  itajor  triangle.  Ihen,  the  lever  nde  may  be  applied 
aigain  to  determine  the  phases  that  cure  present.  If  the  oonposition  is  speci¬ 
fied  by  a  point  that  lies  on  a  tie-line  within  the  major  triangle,  for 
exanple  point  A  in  Fig.  1,  then  there  are  only  two  ph^es,  Au  £uid  GeJVs,  in 
the  system  at  equilibriun.  Tie-lines  separate  different  three-phase  regions 
from  on  another,  and  thus  r^sresent  compositions  at  which  an  additional  de¬ 
gree  of  freedom  is  specified;  thus  f  =  3  and  P“2  .  If,  however,  the  compo¬ 
sition  is  represented  by  a  point  such  m  B  in  the  interior  of  a  minor  tri¬ 
angle,  then  there  are  three  phases  at  equilibriun  (GaAs,  AuGa,  and  y  ).  The 
relative  amounts  of  the  phases  present  are  determined  by  using  the  lever 
rule  within  the  subtriangle  bounded  by  GaAs,  AvGa,  £md  y  ,  for  the  exanple 
of  oonposition  B.  The  arremgement  of  the  tie-lin^  in  a  particuUu:  temeuy 
system  is  determined  either  experiment^dly  or  from  existing  thermodynamic 
data  [2]. 

Thus,  the  phase  diagram  of  Fig.  1  predicts  thcit  elemental  Au  and  GeiAs 
form  a  pseudobinaxy  system;  that  is,  these  two  phases  should  be  stable  in 
ocxitact  with  one  another  and  do  not  form  euny  interfacial  oonpounds  at  any 
tenperature.  Experiments  have  proven,  however,  that  chemical  reactions 
occur  with  subsequent  formation  of  intermetallic  oonpounds  of  Au  and  Ga  [4]. 
Are  these  observations  of  a  fadlure  of  bulk  thermodynamics  to  explain  thin- 
film  phenomena? 

The  teimary  phase  diagram  in  Fig.  1  is  inplicitly  assximed  to  be  a 
aloaed  system;  that  is,  there  is  no  mass  exdi£U)ge  betveen  the  system  and  its 
surroundings.  This  is  true  if  the  system  is  somdxw  encapsulated  and  the 
external  pxressure  that  is  applied  is  greater  them  the  vapor  pressure  of  any 
volatile  species.  The  enviroment  in  which  most  devices  are  processed  or 
operated,  however,  is  an  open  system.  Thus,  volatile  species  are  either 
punped  away  or  escape  into  the  atmosphere,  which  means  that  the  actual  vapor 
pressure  of  the  group-V  species  over  the  solid  is  extremely  small.  The 
change  in  entropy  AS  acoenpanying  the  sublimation  of  a  material  at  pressure 
p  oonpared  to  ^t  at  a  pressure  of  1  atm,  the  stcuideupd  reference  pressure 
for  most  themoc^namic  systems,  is 

AS--nR£n(p)  ,  (2) 

where  n  is  tiie  number  of  moles  that  sublijne  and  R  is  the  gas  oonsteuit. 

At  a  particular  toiperature,  the  change  in  Gibbs  free  energy  for  a 
reaction  is. 


AG  -  AH  -  TAS 


(3) 


Even  if  ba  for  a  reaction  involving  the  sublination  of  a  species  is  posi¬ 
tive,  there  will  always  be  some  tenperature  at  which  the  bG  becomes  nega¬ 
tive,  since  AS  for  sublination  is  positive.  The  size  of  the  entzopic  term 
can  be  estinated  by  ccdculating  TAS  for  the  sublinaticxi  of  <»«  nole  of 
solid  at  a  pressure  of  10~'  Tbzr  and  298  K  (TAS  «  hRT  £n(p)  «  62  kj).  Thus, 
for  Au  films  on  GaAs  heated  in  vaauo,  gas-pheise  eursenic  sprcies  have  been 
observed  to  evolve  at  temperatures  as  lew  as  550  K  [1] ,  as  predicted  from 
sinple  bulk  themoc^niamic  calculations  [5].  The  entropic  contribution  to 
the  free  energy  is  large  enouch  to  drive  the  reaction,  even  thou^  it  is 
endothermic. 

The  effect  of  this  loss  of  As  is  to  change  the  exmposition  of  the  sys¬ 
tem.  If  a  thin  film  of  ,Au  is  deposited  on  a  GaAs  substrate,  the  resulting 
system  resides  cn  the  Au-GaAs  tie-line,  emd  those  are  the  only  too  stable 
phases  at  the  interfacse.  However,  if  the  temperature  of  the  system  is 
raised  high  enou^  for  a  reaction  such  as 

14  Piu(8)  +  4  Gaftsia)  TAuiGaifa)  +  Pis^(g)  (4) 

to  be  driven  by  the  formation  of  gas-phase  species  (Au7Ga2  is  the  approxi¬ 
mate  stoichiometzy  of  the  0  phcise),  the  exmposition  of  the  ^stem  moves  to 
the  left  on  the  phase  diagram  of  Fig.  1  and  the  stable  phcises  cure  GaAs,  Au, 
and  0  ,  as  observed  experimentally  [4] .  If  the  process  is  carried  out  slcw- 
ly,  all  the  Au  will  react  to  form  0  phase.  The  next  reaction  will  involve 
0  and  GaAs  to  form  y  and  l\Sn(g),  followed  by  y  and  GaAs  to  fozm  AuGa  and 
hs^(g),  and  finally  AuGa  and  GaAs  to  form  AuGa2  and  P>Si^(g)»  As  long  as  the 
reactions  proceed  slowly,  there  will  be  at  most  three  solid  phfises  in  the 
system  at  any  given  time. 

Another  experiment  reported  in  this  Synposiun  danonstrates  both  the 
thermodynamic  stability  of  Ay/GaAs  interfaces  and  the  importance  of  kinetics 
and  time  scale  in  examining  solid  state  chemis^  {61 .  This  TXM  stuc^  ^d 
not  detect  any  evidence  of  an  interfacial  chemical  reaction  for  a  1000-A 
film  of  Au  deposited  under  ultra-^gh  vacuum  onto  a  freshly  cleaved  GaAs 
(110)  surface,  even  after  annealing  to  400'’C  for  10  minutes.  The  failure  to 
cxbserve  produert  fometion  after  the  hic^-tenperature  anneal  shews  that  there 
is  a  kinetic  barrier  for  the  reaertion.  This  bcunrier  is  lowered  substantially 
for  an  air-exposed  GaAs  (110)  surface,  vAuicb  did  reaert  strongly  with  an  Au 
film.  This  may  mean  that  the  native  oxcide  ac±ueQly  aexts  as  a  cxatalyst  for 
the  reaextion  between  GaAs  and  Au.  Thus,  detailed  studies  of  the  kinetics  of 
thin-film  reactions  should  follow  the  bulk  thermodynamic  determinatiexts. 

This  statement  also  applies  to  the  stu^  of  exetrenely  thin  films. 
Fhotoemission  experiments  have  ^own  that  thme  cure  limited  chemical  reac¬ 
tions  between  Au,  deposited  in  a  monolayar-fay-monolayer  fashion,  and  GaAs 
(110)  substrates  [7].  It  is  pxxssible,  hewev^,  tixat  the  cxbserved  decxxiposi- 
ticxn  of  GaAs  may  ix  assisted  by  the  heat  generated  by  the  eveporation  souroe, 
the  heat  of  condensation  of  the  Au  onto  the  substrate,  the  electron^le 
pairs  generated  in  the  substrate  by  absozpxtion  of  visible  radiation  emitted 
by  the  evaporation  sexurexe,  or  seme  cxzibination  of  these  faertors.  Before 
cxxncluding  that  the  observed  reactions  are  strichd.y  surfcKxe  or  interfacxe 
phencmena,  all  other  reasonable  pcxssibilities  must  be  exccluded. 

Phase  diagrams  are  also  valuable  as  a  prediertive  tool.  Fesr  instance, 
if  one  wanted  to  )cnow  \bat  the  moat  stable  Au-cxxntaining  ocxitacxt  to  GaAs  is, 
consulting  the  texmary  diagram  in  Fig.  1  reveals  that  it  is  the  intermetal- 
lic  compound  AuGa2.  This  ooncluisicxn  is  trivial,  since  there  aure  no  other 
Au-oontaining  exonpounds  (other  thaui  the  licjuid  Ga  phase  with  a  small  eunount 
of  dissolved  Au)  that  could  be  a  product  of  a  reaction  of  GaAs  amd  AuCa2. 
Thus,  a  GaAs  substrate  with  an  AuGa2  film  on  it  will  be  stable  with  respect 
to  ary  pcxssible  chemical  reaertions  until  the  system  is  heated  above  the  non- 
oongruent  sublimation  tenperature,  at  vhich  point  the  GaAs  will  deexonpose 
thermally. 


Since  any  new  oonpound  containing  As  will  be  subject  to  thernal  deoom> 
position  for  the  sane  reason  that  GaAs  is,  one  nay  predict  that,  for  any 
netallization  schane,  the  moat  atdbte  netal  in  contact  with  GaAs  will  be  the 
interrnetallic  oonpound  that  contains  the  highest  percentage  of  Ga.  Ihis 
cd)servatian  nay  also  be  generalized  to  all  of  the  Ill-V  ooiqpound  sanioonduc- 
tors,  and  is  a  direct  consequence  of  the  GiU>s  phase  rule  and  the  higb  vola¬ 
tility  of  the  groip-V  elanents. 
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